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Fluctuation and Edge-Current Sustainment in a Reversed-Field Pinch
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The simple Ohm’s law 5jy=FE) is not satisfied in the a/2Sr =< a region of the REPUTE-1 reversed-
field-pinch plasma. Fluctuation-induced electric fields, such as (VXI.}), are not sufficient to account for
njx—Ex at the edge. Current diffusion due to magnetic fluctuations, carried by fast electrons rather
than bulk cold electrons, sustains the edge parallel equilibrium current.

PACS numbers: 52.55.Hc, 52.25.Gj, 52.35.Ra

The field-reversal phenomenon, i.e., that the toroidal
field reverses its direction at plasma edge in a reversed-
field pinch (RFP), has attracted much theoretical and ex-
perimental interest constantly since its first observation in
the 1960s. Taylor’s relaxed-state theory [1] has success-
fully described the field-reversal configuration as a state
of minimum energy, but did not give-a physical picture of
the relaxation process. Many efforts have been made in
order to clarify the governing physical mechanism, espe-
cially to explain the sustainment phase of RFPs, in which
the reversed field is continuously generated against classi-
cal resistive diffusion. Various theoretical models pro-
posed so far can be classified into two broad classes: sto-
chastic field models and MHD turbulent dynamo models.
The standard former model is the so-called kinetic
dynamo theory (KDT) [2,3], in which the RFP con-
figuration is sustained by radial diffusion of the parallel
current due to the stochastic field. The fast electrons, ob-
served recently in the edge [4] or even in the core [5]
plasma, are considered as experimental evidence [6] for
KDT. Besides this model, there are two models related to
the stochastic field; one is the tangled discharge model
(TDM), and the other is the resistive evolution model.
But recent investigations [7,8] showed that the former is
not appropriate for the present RFP, and the latter is
closely related to KDT.

The original MHD turbulent dynamo model [9], which
is based on an analogy with the geomagnetic dynamo
theory, has been developed by a large number of authors
[10] (most of them used numerical simulation), but all
versions have the same essence, i.e., the assumption of an
additional electric field induced by fluctuations in the
mean Ohm’s law along the mean magnetic field:

E||+(\7X§>u=nj||, )

where E) is the externally applied inductive parallel elec-
tric field, n the electric resistivity, jp the parallel current,
and ¥ and B the fluctuating fluid velocity and magnetic
field, respectively. However, the fluctuation-induced elec-
tric field (¥ x B); has never been measured in the labora-
tory; thus the dynamo hypothesis has not yet been
confirmed. In this Letter, we report the results of fluctua-
tion measurements focusing on the fluctuation-induced
electric field in the a/2 $r =< a region of the REPUTE-1

[11] RFP plasma, which has a major radius of R =82 cm
and a minor radius of @ =22 cm. All terms in Eq. (1) in-
cluding (¥ xB); are examined experimentally. Some dis-
cussion about other possible terms in the parallel Ohm’s
law, including that originating from current diffusion, is
also given.

Because the diagnostics used here have been already
described in detail in other published works [12,13], we
give only a brief summary. A triple-probe technique was
developed [12] in order to meet the need to measure the
mean (f <5 kHz, denoted by overbars) and fluctuation
parts (5 < f=<70 kHz, denoted by tildes) of the plasma
density n, electron temperature T, and space potential ¢;
(measured with respect to the wall potential) simultane-
ously in a fluctuating plasma. The fast electrons also
may have effects on the probe measurements, but they
are not expected to give significant perturbations to our
measurements [12,13].

A complex probe [12], which consists of a triple probe
(measuring n and T,), a three-component magnetic probe
(measuring By, B,, and B,), and three pairs of double
probes (measuring electric field E;, E,, and E,), has been
constructed in order to determine correlations between
the fluctuations. All of them are placed within a space of
10 mmX10 mmX15 mm. Here, we must note that the
electric field £'= —Vg; (q)f is the floating potential) mea-
sured by a double probe is different from E = —V¢S, due
to a finite T as a result of the relation of E'=E +eVT,,
where c is a constant ==2.1 [12] in our case.

In order to avoid damages to the inserted probes,
discharges were carried out at the relatively low plasma
current (I,~110 kA). All measured quantities presented
here are taken from the time interval of 0.2 ms around
the current flattop. The loop voltage V7, the reversal ratio
F, the pinch parameter O, and the chord-averaged densi-
ty n, are V;~220 V, F~—04, ©6~2.0, and #,~4.4
%10 m 73, respectively.

Radial profiles of the mean values of B, and B, are
shown in Fig. 1(a), where the error bars indicate the
shot-by-shot variation. Polynomial functions are fitted to
B, and B, profiles under tl_le constraints that the toroidal
and poloidal currents, j,=(1/uor)8(rB,)/dr and j,
= —(1/u0)dB,/8r fall to zero at_r=a. Figure 1(b)
shows the profiles of j;, jp, and jy=j- B/B (B is the total
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FIG. 1. Radial profiles of (a) B; and B, Ifitting curves by
polynomial functions under the constraints of j(a) =j,(a)=0"
are also shownl; (b) Jji, j», and jx=j- B/B; (c) resistive electric
field 77y and externally applied inductive electric field Ey; and
(d) fluctuation level of E;.

field), where the error bar comes from the fitting pro-
cedures due to error propagation. A significant perpen-
dicular current can be obtained in the same way, imply-
ing that there might be a deep gradient in the pressure
profile at the edge. Figure 1(c) shows the radial profile of
nj1, where the Spitzer resistivity 7 is obtained from the N

nJn

“Eq. (1.

— Ey=@FxBhy+{ivyP)/ (eri®) — (7ij)) =Re{[EL Zick, T

measured profile [13] of T, assuming Z.g=1.5. The
parallel component of the externally applied toroidal in-
ductive electric field Ey, given by (Vi/2zR)B,/B in the
steady state, is also shown. The simple Ohm’s law
nji=E) is not satisfied. The difference between njy and
E\ must be accounted for by the fluctuation-induced elec-
tric field (¥ x B, according to the MHD dynamo model in
Note that the assumption of classical resistivity
and low Z.g gives the minimum for this difference.

Radial profiles of the magnetic fluctuation level had
been measured [13]. At r~a, |B;|/B~2% is about twice
the value of |B,|/B=|8,|/B~1%, but at r~a/2, |B,|/
B ~3% is about twice that of |B,|/B—|B,,|/B~1 5%. As

<rthe radius decreases to » ~a/2, |E,| [shown in Fig. 1(d)],

|E,,|, and | E,| measured by the complex probe increase to
~0.7, ~0.5, and ~0.9 kV/m, respectively.

Although a MHD dynamo model usually ignores
effects arising from two-fluid treatments, we start from
the generalized Ohm’s law [14], i.e., E+vXB—VP;/(en)
=7qj, where P; =nT; is the ion pressure. Other terms in

" the original generalized Ohm’s law can be shown to be
negligible in our case.

Then the perpendicular velocity
fluctuation becomes S )

V)

From the fact that |B|/BS3%, |T.l/T.~25%, |jl/j
~30% [15], and 6~E,/B~I[¢;(a/2}/(a/2)1/B~2 km/s
[131, it is easy to find that the third and fourth terms are
negligibly small compared to the first term on the right-
hand side (rlls) of Eq. (2). Because (#xB)y=(F,.xB.),
=([E,+V_P;/(en)]-B.)/B, the parallel mean Ohm’s
law becomes

—vV, P./(en)]- BLY/B+ik AT/} ,

¥, =[E—VP;/(en) — ) +vxBIxB/B2.

3

where (fij? < nj. Note that ol

V,B;/(en) =(ik, — L, e, ) Ti+ (T:/7) Gk + L, e, )7,

where e, is the radial unit vector and L,= —i(dr/dr) ~".
Here we ignored the 8/8r contribution in V., because the
fluctuations are well correlated and almost in phase over
at least half a radius, especially at the low frequency.
The inductive part of E. can be estimated simply by
(co/k||)|B,| where f~15 kHz and ky~ 1/a, which is ong_
order smaller than the electrostatic part. Thus the
fluctuation-induced electric fields depend on correlations
between electrostatic (E, 7, T., and T;) and magnetlc
(B) fluctuations :
It is found that the magnetic fluctuations show an en-
tirely different behavior from the electrostatic ones, which
are well correlated with each other_ [13]. For_example,

the squared coherences y? between T, and E;, T, and B;, -~

and B, and E, are shown in Fig. 2. Coherences are usual-
ly not less than ~0.5 in most of the frequency range be-
tween the electrostatic fluctuations, but below ~0.2 be-
tween the electrostatic ones and magnetic ones, consistent

with MST experiments [16]. Hence there are almost no
correlations between these two types of fluctuations.
Indeed, the normalized correlation coefficients Cop
=(ap)/|a||Bl=f y*cos6dw and the phase-shifted correla-
tion coefficients Cgp=i{@p)/|al|fl=fr*cos(0+n/2)dw

1 i T T T

Squared Coherence

i YA
100 150
f(kHz)

FIG. 2. Squared coherence between T. and E!, T. and B,,
and B, and E/ as functions of frequency.

617



VOLUME 69, NUMBER 4

PHYSICAL REVIEW LETTERS

27 JuLy 1992

-

T T

a)
CT..E(

- w“
0-0/0/\0/4\"\0

C

nEt

nTe

Normalized Correiation Coefficient
o

Normalized Correlation Coefficient

-1 1 1 1 X ] L
10 12 14 16 18 20 22 24
ricm)

o134 6 18 20 22 24
ricm)
FIG. 3. Radial profiles of normalized correlation coefficients:
(@) Cr,.8,, Cr gnand C, pr; (b) Cgy g 2nd Cayr,.

are ~0 across the outer half radius (here a=FE/,E,,
E/.n,Te; B=B:,Bp,B,). As an example, profiles of Cr, 3,
and Cg; p are shown in Figs. 3(a) and 3(b), respectively.
Spatial spread of the complex probe is not expected to in-
duce these decorrelations, because the same types (elec-
trostatic or magnetic) of fluctuations are still well corre-
lated with each other, even when they are measured over
a longer distance. Electrostatic fluctuations 7, f}, and E'
show clear positive or negative correlations [13], as also
shown in Fig. 3. In Fig. 4, the region bounded by lines
with open circles shows the measured value of the first
term in Eq. (3) including the correlations, and the shaded
region shows 7y — ) calculated from Fig. 2.

Spectra for the electrostatic fluctuations are broader
[16] than those for the magnetic ones, with widths of
Am~3 and An~70. Here we use |ky| ~Am/2a~1.5/a
and |k .| ~An/2R ~35/R as typical values. The ion tem-
perature T; at the edge is unmeasured, but an assumption
of T;~2T., would be reasonable, because 7;(0) ~100 eV
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FIG. 4. Comparisons between radial profiles of nj1—£)
(shown as the shaded region) and fluctuation-induced electric
fields (shown as regions between lines with the same symbols).
Values of the first through the fourth terms on the rhs of Eq.
(3) are indicated by O, @, [J, and m, respectively. The dashed
line shows the upper bound of fluctuation-induced electric fields
assuming complete correlations.
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at the center, measured by the Doppler broadening of the
Qv line, is about twice the value of 7,(0) ~50 eV, mea-
sured by a Thomson scattering system. Since L,~0.1 m
in the REPUTE-1 RFP, the second through the fourth
terms on the rhs of Eq. (3) can be evaluated assuming
ICT,,,,I =|C7~,,Bl =1. These values are also shown in Fig.
4. We find that the sum of all possible fluctuation-
induced electric fields cannot sustain the parallel equilib-
rium current in the region where B, is reversed (r= 17
cm). Even the upper bound values of total fluctuation-
induced electric field (when all fluctuations are complete-
ly correlated), shown as a dashed line in Fig. 4, still can-
not account for n,/y— E) near the edge.

Next we examine another possible mechanism for sus-
taining the edge parallel current, i.e., that there exists an
outward flux of parallel electron current (or momentum)
Tt (r) satisfying njy—Ey+(1/r)8(rTi)/0r =0 as in ki-
netic dynamo theory [2]. We have

Fa(r) =(@/NTa(@+ /0 [ iy —Edrdr. @)

Here IMot(a) is the electron-current (momentum) loss to
the wall, which has been used to explain the anomalous
resistivity observed in RFPs [3]. From the electron drift
kinetic equation, radial fluxes of parallel current due to
electrostatic and magnetic fluctuations are given by [17]

r ==meju<1'3><§.e@> r =1e_<|1§r|@>
E et B " pul” "% e\ B pal’

e‘n

respectively. Another expression for the radial flux of
parallel current is Iy = —As(1/r)8(rjy)/dr, where Ay is
the current viscosity [18). The current diffusion due to
stochastic field [19] is related to electron heat transport
[20] by Agq= —ysm./(e?n), where the electron thermal
diffusivity ys is (8/m) 20§L)(|B,|/B)?, vfy is the electron
thermal velocity, and L;~0.35 m in our case [13].
Values of Fg, I'g, and T’y can be estimated with the use of
measured mean quantities and their fluctuation levels, as-
suming Cg, p,,=Ckg,;, =1 and p.1=p.. However, they all
are at least one order smaller than I'i,;. For example, the
values at r =19 cm are given in the first column in Table
L.

TABLE 1. Comparisons between total flux and fluctuation-
driven fluxes of electron current at »=19 cm in the cases of
bulk cold electrons and fast electrons. Here I'a=Iiat(r) —(a/
r)Te(a). Note that 7.(0) ~50eV.

Bulk cold electrons Fast electrons

T (eV) 50 100
TE/T. 8.6 17.2
nfin 13.1% 9.3%
n¥/n 0.94 0.47
Ttot (V) 0.87%£0.21 0.58 +0.23 0.41+0.16
e (V) ~0.001 ~0.02 ~0.03
s (V) ~0.05 ~0.33 ~0.66
Ta (V) ~0.01 —~0.34 ~0.67
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The above estimates are based on the assumption that
the current is carried by the bulk cold electrons. Howev-
er, it has been observed that the current is mainly carried
by the fast electrons at the edge [4] and also in the core
[5] region. If jyj is carried only by the fast electrons with
density nf=an and temperature T =pT,., we have
avB=ji/(envy), under the assumption of a half-Max-
wellian velocity distribution [6]. Relations of T
=Fga~ !, Tf=03p, and I'f =Tqa _1\/[_3 can be also easi-_
ly obtained with the assumption of the same fluctuation
levels and correlations. The electric resistivity nf of the
fast electrons is also different from n: nf/n =3v/z(2
+Zep)/@Z g)a " B2, where frictional forces due to
the bulk cold electrons and ions are included. Note that
n¥ can be larger than 1 depending on @ and B. We can
obtain I'5; by replacing n in Eq. (4) by nf. Table I lists
the estimated values of radial fluxes of parallel current in
the two cases of TF=50 ¢V [~T,(0)] and TF=100 eV
[~27.(0)] at r =19 cm. It can be seen that T} or T'%
could account for I'f; while T'f still does not. This sug-
gests that the magnetic fluctuations may play an impor-
tant role in sustaining the edge parallel current.

So far studies on stochastic diffusion are all based on
prescribed (i.e., not self-consistent) stochastic fields. A
recent self-consistent treatment [21] showed that the
current diffusion becomes much smaller than the quasi-
linear result. However, the fast electrons argued for here
are not affected by self-consistency constraints, since they
are fast enough to decouple from the waves. B

In conclusion, electrostatic fluctuations (E, 7, T.) aré
almost uncorrelated with magnetic ones (B) in the a/2
Sr=a region of the REPUTE-1 RFP. Fluctuation-
induced electric fields, such as (¥x B), are experimentally
examined for the first time. It is found that these
fluctuation-induced electric fields are not sufficient to ac-
count for 77y — E\, at least in the B,-reversed region, not
supporting the basic hypothesis of MHD turbulent
dynamo models. On the other hand, it appears that
current diffusion due to magnetic fluctuations, carried by
fast electrons rather than bulk cold electrons, sustains the
edge parallel equilibrium current.

At the present stage, it is impossible to affirm one or
the other of these two classes of models. But our experi-
mental results reported in this Letter imply that KDT
might be more suitable than MHD dynamo models for
the description of the actual RFP edge region. For the
interior region, it is more difficult to examine these mod-
els. Some combination of MHD and kinetic dynamo

models may provide a better description. In fact, they
are both based on the common assumption of a turbulent
state of plasma.
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